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A B S T R A C T
This paper reports on the performance of the supercapacitor operating in aqueous acetic acid salts.
Lithium, sodium and magnesium acetate aqueous solutions at various concentrations have been selected
as electrolytes. Maximum operational voltage and the overall capacitor performance have been
determined by several electrochemical techniques. Floating and galvanostatic charge/discharge tests
proved the promising performance at high voltages (1.5 V); the capacitance values have been retained at
more than 80% of initial value for all tested electrolytes. Additionally, due to the the ability to operate at
high voltages, the maximum energy obtained in the system with 0.5 mol L1 CH3COONa is more than two
times higher than with 6 mol L1 KOH, i.e., conventional aqueous capacitor. Taking into account a mild
character of the electrolytes used, a novel concept of eco-friendly energy storage device has been
proposed.
ã 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Supercapacitors are energy storage devices with charge/
discharge time in the domain of seconds. Electrostatic type of
charge accumulation preserves their long-term cyclability and
high reliability with rare user maintenance [1–4]. They have found
the application in several areas such as backup power systems,
regenerative braking systems, mobile computers or even in
emergency exits during aircraft evacuation [5–7]. Although
electrostatic nature of charge accumulation preserves an excellent
power rate, modern electrochemical capacitors suffer from the
relatively low energy density [1–7]. For this reason, an industrial
implementation of electrochemical capacitors very often requires
their coupling with other devices, e.g., Li-ion batteries. The design
of the hybrid (asymmetric) device can also be done by combining
AC (as the negative electrode) with Ni(OH)2 or PbO2 (as the positive
electrode). It has to be noted here, that a synergistic effect is
thereof obtained – the presence of the capacitor in the system
(providing a peak of power on high-demand) improves the
efﬁciency and prolongs the lifetime of the battery (supplying
energy). Hence, an overall performance of both devices might be
enhanced. Notwithstanding, capacitive performance can also be
merged by introducing pseudocapacitive effects to the system.* Corresponding authors.
E-mail addresses: krzysztof.ﬁc@put.poznan.pl (K. Fic),
elzbieta.frackowiak@put.poznan.pl (E. Frackowiak).
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).There are numerous studies concerning asymmetric supercapaci-
tors, where pseudocapacitive effects are present. It has been
proved that utilization of nanostructured MnO2 as positive
electrode and AC as negative one provides higher capacitance
values than traditional symmetric construction. However, as it was
widely described, the symmetric system is more beneﬁcial in
terms of its efﬁciency and lifetime [8,9].
Since the energy density of the capacitor strongly depends on
the operating voltage window and capacitance values [1–4],
electrolytes with wide electrochemical stability are the main
challenge for today scientists. However, one should note, that the
ﬁnal voltage output depends majorly on the kind of the electrolyte
used but also on the electrode material applied. Until now, a great
variety of the electrode materials combined with different
electrolytes has been studied. Apart from organic electrolytes
and ionic liquids, a lot of attention has been paid to supercapacitors
operating in aqueous medium [10–13] because water-based
electrolytes demonstrate several interesting features, at least,
they are environment-friendly, safe and have relatively low price;
cell assembling process does not require an inert atmosphere and
thorough drying of particular components. Moreover, a high power
rate of the device is preserved by the conductivity values
remarkably higher than for organic medium (e.g. 70 mS cm1 for
1.0 mol L1 Li2SO4 solution at 25 C but may reach even 600 mS
cm1 for 6.0 mol L1 KOH solution). Unfortunately, the operating
voltage in the aqueous medium is thermodynamically limited to
1.23 V [14] but in practice, for alkaline and acidic solutions thisnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
Fig. 2. Conductivity values vs. molar concentration of selected acetate salts (298 K).
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structure of activated carbons may diminish potentials of
hydrogen/oxygen evolution. Decomposition of the electrolyte is
obviously harmful to capacitor performance in general (lack of
electrolyte, internal pressure increase), but it has been demon-
strated that hydrogen electrosorption on negative electrode allows
the voltage and capacitance values to be slightly enhanced [15,16].
C.-C. Hu et al. recently published a paper concerning hydrogen
adsorption/desorption in a carbon-based asymmetric supercapa-
citor. It has been proved that addition of buffer agent (0.34 mol L1
NaH2PO4) to the electrolyte (1.0 mol L1 Na2SO4) stabilizes the local
pH value at electrode/electrolyte interface. It can signiﬁcantly
improve proton supply and rate of hydrogen electrosorption within
AC what can ﬁnally affect the higher pseudo-capacitive effect, but
also change the potential of hydrogen evolution. However, the
abovementioned study was performed in the three-electrode cell
[17].
Activated carbon (AC) with the well-developed surface area
(SBET in the range 1000–2500 m2g1) [18,19] are the materials
being the most often used for supercapacitor application. As the
capacitance is proportional to the electrode surface area accessible
for ions, the higher the surface area, the higher the capacitance.
However, one should note that this trend is not straightforward
and is limited; deﬁnitely, speciﬁc surface area SBET does not equal
to the accessible surface of the material for electrolyte ions and
some boundary conditions could be determined. In regard to the
literature [20,21] concerning the inﬂuence of speciﬁc surface area
and porosity of applied electrode material on capacitance, it can be
concluded that textural characteristics of activated carbons limit
the overall electrochemical performance. Apart from the electro-
lyte concentration, ions have to match the porosity of the
electrode; too narrow pores, which signiﬁcantly increase the
speciﬁc surface area (SBET) could not be fully used during ions
adsorption; one of the several reasons is connected to the inability
of relatively large ions to penetrate micropores or smaller
nanopores. Hence, not only the type of pores is important but
also the accessible pore volume should be considered. A detailed
study done by M. D. Levi et al. [22] with the use of electrochemical
quartz microbalance concerning the ions movement into the bulk
of electrolyte and electrode material during polarization of the
electrode surface conﬁrms such a statement. Accordingly, one may
conclude that solvent, electrolyte concentration, possible desol-
vation phenomenon and textural characteristic of the electrode
affect each other; thus, one should consider that interaction of theFig. 1. Nitrogen adsorption/desorption isotherms for activated carbons. Inset: pore
size distribution (PSD) calculated by 2D- NLDFT method.species in the electrochemical system are a complex matter, where
all factors should be considered holistically. Nevertheless, a typical
electric double-layer (EDL) capacitance from electrostatic attrac-
tions of ions may be enhanced by the introduction of redox-active
species in the electrode material or/and in the electrolyte, which
are supposed to be capable of fast electron transfer during ongoing
reaction [8]. The presence of the reversible redox reactions
remarkably increase the capacitance values and thus improve
the energy density. Faradaic processes come either from the
surface functionalities of carbon (oxygen- or nitrogen-based) or
from the presence of transition metal oxides [23–25]. Moreover,
the redox-active electrolytes with pseudocapacitance effects
originating from the electrolyte solution have also been reported
[24]. Usually, either inorganic salts based on iodine, bromine,
cerium or organic compounds with well-deﬁned redox chemistry
like hydroquinones or ferrocene are applied.
On the other hand, the aqueous organic salts have not been so
widely investigated to date. W. Sugimoto et al. reported on the
ruthenium oxide-based electrodes operating in a buffer solution of
acetic acid and sodium acetate [26,27]. Interestingly, an application
of buffer solution allowed to exploit an enormous capacitance of
RuO2, however, ruthenium oxide because of high price and toxicity
has rather limited application. Y. Gogotsi et al. reported on ‘green’
capacitor assembled from fully eco-friendly materials (especially
without ﬂuorine-based binders) with sodium acetate as the
electrolyte [11]. Authors claimed an interesting behavior of the
capacitor within electric double-layer range at 1 V. Notwithstand-
ing, the scope of this research concerns mainly selection of
environmentally friendly components; the overall behavior could
be still improved – the capacitor has been tested in the mild range
of electrochemical voltage window (lower than theoretical water
decomposition).
Our motivation of this work was to develop new class of ‘green’
AC/AC supercapacitor with enhanced parameters and excellent
lifetime. Additionally, we investigated the inﬂuence of moderate
conductivity of acetic salts with various cations (Li+, Na+, and Mg2+)
at the different concentration (0.1–2.0 mol L1) on the perfor-
mance of the carbon-based electrochemical capacitor. We
expected that moderate conductivity value of acetates affects
the maximum operating voltage and allows the voltage of the
system to be extended. Finally, the aqueous acetate-based system
could be an ideal and relatively cheap energy storage device. Our
research leads to the invention of an eco-friendly carbon-based
capacitor with improved energy output.
Fig. 3. Capacitance values for capacitors operating with various concentrations of
(CH3COO)2Mg.
Fig. 4. Extension of capacitor voltage for 0.25 mol L1 (CH3COO)2Mg electrolyte; (A)
voltammograms recorded at 2 mV s1, (B) galvanostatic proﬁles recorded at
0.1 A g1, (C) coulombic efﬁciency versus applied voltage.
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All investigations were carried out at ambient conditions in the
two- and three-electrode Swagelok1 cells made of polytetra-
ﬂuoroethylene (PTFE) with the stainless steel (316L) current
collectors. Ag/AgCl was used as reference electrode. The glass ﬁber
with the thickness of 260 mm (WhatmanTM GF/A) served as a
separator. Three commercial activated carbons (AC) DLC SE 30
(Norit1, The Netherlands), Kuraray YP 80F and YP 50F (Japan) were
used as the active materials of composite electrodes. In order to
form the pellets from the powder, the polytetraﬂuoroethylene
(PTFE) in water dispersion (60% wt., Sigma-Aldrich) at 5 or 10% wt.
was used as a binder. Additionally, 5% wt. of acetylene black C65
(TIMCAL) as the conductive agent was added to the material. The
components (active material, binder, and conductive agent) were
mixed in ethanol at elevated temperature. After evaporation of the
solvent, the obtained dough with small amount of ethanol was
calendared to form the carbon ﬁlm (ca. 150–200 mm thickness).
Then, the electrodes with a diameter of 10 mm and geometric
surface area of 0.785 cm2 were cut as a self-standing disk. Their
mass ranged from 6 to 9 mg.
Three acetate salts (CH3COOLi, CH3COONa, (CH3COO)2Mg) with
the purity of 99.9% were purchased from Sigma-Aldrich and used
as received. Electrochemical investigations were carried out on
VMP3 potentiostat/galvanostat (BioLogic, France). Three electro-
chemical techniques, i.e. cyclic voltammetry at scan rates
1–100 mV s1, galvanostatic charge/discharge at current densities
of 0.1–10 A g1 and electrochemical impedance spectroscopy at
frequency range 100 kHz 1 mHz) have been applied for
fundamental characterization. For long-term cycling, constant
current charging/discharging at 0.5 A g1 current density was used.
Moreover, accelerated ageing test (ﬂoating) has been described in
detail by F. Béguin et al. [30,31] or by D. Weingarth et al. [28]. In our
procedure, it consists of 5 cycles of cyclic voltammetry (with
scanning rate 10 mV s1) in applied voltage range in order to
determine the possible qualitative deviations in the system.
Subsequently, the system is charged with a current density equal
to 1 A g1 to the required voltage value and held for the period of
2 h. Then, the system is discharged with identical current density
(1 A g1), and the whole procedure is repeated to obtain max. 120 h
of ﬂoating (constant polarization hold) period with a sequence of
CV, GCPL, and chronoamperometry. The considered parameters,such as speciﬁc capacitance and relative resistance are calculated
from the constant current discharge curve directly after each 2 h
polarization [28–31]. All the capacitance values are expressed per
active mass of one electrode. The self-discharge procedure
Fig. 5. Cyclic voltammograms of the capacitor at 10 mV s1; (A) after 1st, (B) after a
50th cycle of ﬂoating test for different ranges of voltages, i.e., 1.4, 1.5 and 1.6 V.
Fig. 6. Relative speciﬁc capacitance vs. ﬂoating time at various voltages (1.4, 1.5,
1.6 V) for 0.25 mol L1 (CH3COO)2Mg. Inset: leakage current at applied capacitor
voltage (0.8-1.7 V).
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equal to 0.1 A g1. After this step, the cell was held for 1 hour at
0.8 V or 1.5 V and then left at open circuit for 20 h when the decline
in voltage was measured.
The speciﬁc surface area was estimated from nitrogen adsorp-
tion/desorption isotherm at 77 K (ASAP 2460, Micromeritics1).
Prior to analysis, the carbon material was purged under He ﬂow
and heated in order to remove the contaminants physically
adsorbed on the surface. Final outgassing before the analysis was
carried out under deep vacuum for 5 h.
Supporting experiments such as conductivity and pH value
measurements were performed at ambient temperature on
Mettler Toledo conductivity/pH meter.
3. Results and discussion
Nitrogen adsorption isotherms (Fig. 1) demonstrate the typical
microporous character of the materials used [32]. However, the
hysteresis loop of adsorption and desorption process at high
relative pressures (0.5-0.9 p/p0) indicates the presence of
mesopores. For electrochemical capacitors, the presence of small
mesopores is crucial, as they play a role of pathways for usually
solvated ions accessing the micropores; moreover, a suitable
Vmicro/Vmeso ratio preserves a good charge propagation and
excellent power rate of the device.
Kuraray YP 80F has the highest speciﬁc surface area
(2364 m2g1), whereas Norit DLC SE 30 and Kuraray YP 50F reveal
2136 m2g1 and 2097 m2g1, respectively. These values are typical
of activated carbons with well-developed microporosity; indeed,
their pore size distribution (PSD) calculated using 2D-NLDFT
adsorption model [33] conﬁrms this assumption. One should,
however, note that for electrochemical investigations, activated
carbon powders were mixed with a binder and a conductive agent.
Hence, their speciﬁc surface area is reasonably lower. In order to
estimate the speciﬁc surface loss, nitrogen adsorption isotherms
have been recorded for the pellets used in the further study. It
seems that for YP 50F the speciﬁc surface area decreases to 1833 or
1726 m2g1 when the content of AC is 90 or 85% wt. of the
electrode.
Conductivity, as well as pH measurements, have been
performed in order to evaluate the acetate-based solutions
preliminarily. The analysis has been carried out at various
concentrations. Fig. 2 demonstrates the data received from
conductivity measurements.
As presented in Fig. 2, the higher conductivity value has been
recorded for 2.5 mol L1 CH3COONa (76 mS cm1) while for
CH3COOLi it was 42 mS cm1. For (CH3COO)2Mg solutions, we
observed an optimum concentration at 1.0 mol L1 with a
conductivity value of 34 mS cm1. Interestingly, for this solution,
further increase of concentration resulted in conductivity de-
crease; this might be explained by the association of ions
(especially
CH3COO) and their mobility decay. pH values ranged negligi-
bly from 8 to 9 independently on the cation; mentioned increase
has been observed with concentration increase.
The interesting trend observed for (CH3COO)2Mg encouraged us
to study the electrochemical performance of the capacitor
operating in the aqueous solutions at ﬁve different concentrations
(from 0.1 mol L1 to 2.0 mol L1). For this study, DLC SE 30 activated
carbon with the moderate speciﬁc surface area and bimodal pore
size distribution has been selected as an electrode material. Cyclic
voltammograms at various scan rates have been recorded within
0–0.8 V voltage range. Such a voltage allowed all faradaic
contributions (hydrogen storage, electrode oxidation, electrolyte
decomposition) to be excluded.
Fig. 7. Extension of capacitor voltage for 0.1 mol L1 CH3COOLi electrolyte; (A)
voltammograms recorded at 2 mV s1, (B) coulombic efﬁciency versus applied
voltage, (C) relative speciﬁc capacitance and relative resistance values obtained
during ﬂoating test at 1.3, 1.4 and 1.5 V for 0.1 mol L1 CH3COOLi.
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salt concentration on overall behaviour (Fig. 3). All capacitors
demonstrated in this range a similar performance. However, once
higher scan rates (i.e. 20–100 mV s1) have been applied,
capacitors operating with less concentrated solutions (up to
0.25 mol L1 of (CH3COO)2Mg demonstrated the best performance
with capacitance retention of ca. 50% of initial value at 100 mV s1.
Constant current charge/discharge technique reﬂected the sametendency; at mild current regimes; there was no signiﬁcant
difference between the capacitors with various concentrations. At
higher regimes (1–20 A g1), the concentration of 0.25 mol L1
appeared to be the best one. Finally, electrochemical impedance
spectroscopy (Fig. S1) conﬁrmed the signiﬁcant inﬂuence of the
(CH3COO)2Mg concentration on the charge propagation character-
istics; in high frequency region (100 kHz–10 Hz), a signiﬁcant
discrepancy between resistance values has been observed, but for
10 Hz-1 mHz frequency range, the capacitance values approached
the values found for cyclic voltammetry and constant current load
techniques.
Since the conductivity value of 0.25 mol L1 (CH3COO)2Mg
solution is quite moderate, i.e. 20 mS cm1, one might expect that
overpotentials of hydrogen and oxygen evolution will be reason-
ably high. This might allow the voltage window of the capacitor to
be remarkably extended and energy density to be enhanced. In
order to evaluate the maximum operating voltage, the cyclic
voltammetry at 2 mV s1 scan rate and galvanostatic charge/
discharge at 0.1 A g1 current density were performed until 1.7 V
voltage, with 100 mV voltage stepwise from 0.8 V. Especially, the
soft regime was selected for correct estimation of these potential
limits. We assumed that the charging/discharging efﬁciency is the
most sensitive and insightful factor for determining the highest
voltage. Fig. 4 presents the data obtained for various super-
capacitor voltages by two different methods.
It seems that the reversibility of charging/discharging process is
still satisfactory, i.e. 94% calculated by a constant current method at
1.5 V. Further voltage extension, i.e. until 1.6 V aggravates the
charging/discharging efﬁciency (88% of initial value). As we ﬁnd
the galvanostatic technique as the reliable quantitative method for
capacitance calculation, cyclic voltammetry was implemented
only for comparison purposes. However, it has to be noticed that
for qualitative evaluation, we ﬁnd cyclic voltammetry method as
the most insightful and complementary one. Indeed, from cyclic
voltammetry, one might conclude that efﬁciency at 1.6 V is still
reasonable, but the distorted CV proﬁle has a typical faradaic
origin; it surely aggravates the power and limits the cyclability.
A ﬁnal evaluation of the supercapacitor performance aims the
long-term performance investigation. For this reason, an acceler-
ated ageing test (ﬂoating) has been performed for 1.4, 1.5 and 1.6 V
capacitor voltages. Cyclic voltammetry proﬁles were recorded
before and after the ﬂoating test, in order to evaluate the inﬂuence
of accelerated ageing effect. The results are presented in Figs. 5 and
6.
After 100 h of ﬂoating at 1.5 V, the speciﬁc capacitance is
retained at 90% and satisﬁes International Standard IEC 62391-1
[34]. After 100 h at 1.6 V, the capacitance decay of 37% from the
initial state is observed. Hence, capacitor reached end-of-life
criterion. One should note that different reasons responsible for
overall performance fade can be discerned. Research done by F.
Béguin et al. showed that ageing process leads to an increase in the
internal cell pressure and resistance [30,31]. Moreover, E. J. Berg
et al. recently investigated degradation mechanism during ageing
tests for high-voltage aqueous capacitors. Implementation of in-
situ gas analysis conﬁrmed that gradual performance loss can be
related to electrolyte depletion (water splitting), blocking of pores
in AC (gas formation/consumption) or changes in carbon surface
functionalities (with CO2 or CO formation). Evolution of gaseous
species leads to overall cell impedance increase due to electric
contact absence. After exceeding thermodynamical potential for
water decomposition, hydrogen storage on the negative electrode
was observed. However, evidence of oxygen evolution was not
detected on the counter side. It is directly connected with carbon
corrosion on the positive electrode where carbonyl and phenol
groups are formed and further oxidized to CO on AC surface.
Above-mentioned phenomena lead to signiﬁcant performance loss
Fig. 8. Three-electrode measurements; (A) 0.8 V, (B) 1.5 V capacitor voltage with
0.1 mol L1 CH3COOLi solution.
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complete the study, a supporting experiment of leakage current
measurement has been performed at 0.8 V-1.7 V capacitor voltage.
The results obtained are in accordance with observations from the
accelerated ageing test. The measured current grows rapidly when
the voltage higher than 1.5 V is applied. Hence, the capacitor
voltage of 1.5 V has been selected as an optimal one.
Further studies were focused on the investigation of the
capacitor operating in CH3COOLi solutions. Implemented experi-
mental procedure was the same as for capacitor with
(CH3COO)2Mg solutions. Brieﬂy, the electrolytes at various
concentrations of CH3COOLi (0.1-2.0 mol L1) were prepared and
applied as capacitor electrolyte. Both techniques conﬁrmed that
the systems utilizing 0.1 mol L1 and 0.5 mol L1 electrolytes
demonstrated the most promising performance with the highest
capacitance values. Nevertheless, when the process of charging/
discharging proceeds faster, the efﬁciency of the system utilizing
0.5 mol L1 solution is not satisfactory. For higher scan rates and
current densities, the capacitor with electrolyte concentration of
0.1 mol L1 demonstrated the best performance (Fig. S2). Addi-
tionally, the same dependency was observed for impedance
spectroscopy tests at OCV conditions (Fig. S3) This system (with
0.1 mol L1 CH3COOLi) has been then selected for further
optimization and voltage extension. The experimental set-up
resembled the procedure carried out for a capacitor with a
(CH3COO)2Mg solution.It seems that for 1.4, 1.5 and 1.6 V capacitor voltage, the
reversibility of the processes is comparable (Fig. 7). Speciﬁc
capacitance retention during accelerated ageing test (100 h) at
1.5 V is 92%, i.e. 1% less than for systems operating at 1.4 V.
However, capacitance decreases dramatically when the voltage of
1.6 V is applied (capacitance decrease of 37% after 100 h of voltage
hold). Interestingly, only insigniﬁcant variations of ESR values for
1.4 and 1.5 V have been observed, however, at 1.6 V the value of ESR
is almost doubled. Finally, it can be concluded that 1.5 V is an
optimal voltage for capacitor operating in 0.1 mol L1 CH3COOLi.
In order to evaluate a contribution of both electrodes to charge/
discharge process, the three-electrode measurements were
performed (Fig. 8). A reference electrode has been introduced to
the Swagleok1 cell, and the potential proﬁles for each electrode
have been then monitored. Constant current load of 0.1 A g1 has
been applied for 0.8 and 1.5 V capacitor voltage.
The potential proﬁles for both electrodes are symmetric
without deviation. This conﬁrmed the assumption that there
was no remarkable faradaic contribution to the charge accumula-
tion even at 1.5 V capacitor voltage.
The ﬁnal study concerned the capacitors with CH3COONa
solutions. Similarly, to previous procedures, an optimal CH3COONa
concentration was selected from the solutions with concentrations
ranging from 0.1 mol L1 to 2.0 mol L1. Both cyclic voltammetry
and galvanostatic charge/discharge techniques indicated that
0.5 mol L1 CH3COONa is an optimal concentration. Electrochemi-
cal impedance spectroscopy (100 kHz-1 mHz) conﬁrmed the
results obtained by previous techniques (Fig. 9).
Long-term performance at elevated voltages (1.4–1.6 V) has
been studied by ﬂoating tests, and additionally, the reversibility of
charging/discharging processes was monitored. Until capacitor
voltage of 1.5 V, the efﬁciency was rather retained at more than 90%
but at 1.6 V declined dramatically (Fig. S4). Finally, 1.5 V has been
again selected as the optimal capacitor voltage. However, in order
to clearly verify it, a galvanostatic cycle-life test with a current
density of 0.5 A g1 has been applied (Fig. 10).
One can remark that in the case of 1.3 V capacitor voltage, the
speciﬁc capacitance value decreases slightly at the beginning and
then remains stable. Subsequently, gradual capacitance decay was
observed for capacitor cycled at 1.4 V. For 1.5 V the capacitance fade
is remarkable, however, after 20 000 of cycles, the capacitance
retention is 84%. No signiﬁcant change in cyclic voltammogram
after 20 000 of cycles allows concluding that the system with
0.5 mol L1 CH3COONa can safely operate up to 1.5 V.
Satisfactory characteristics of the capacitor with 0.5 mol L1
CH3COONa encouraged us for further enhancements. We expected
that the inﬂuence of activated carbon properties, such as speciﬁc
surface area and pore size distribution would strongly inﬂuence
the capacitor performance. For this purpose, Kuraray YP 50F and YP
80F carbons with the various speciﬁc surface area and pore
volume/distribution have been applied as 90% wt. of electrode
materials. Capacitors assembled with the electrodes composed of
these carbons have been subjected to electrochemical investiga-
tions.
The capacitor assembled with YP 80F electrodes reﬂected better
electrochemical behavior than the system based on YP 50F.
Capacitance values calculated at 0.5 A g1 achieved 97 F g1 for YP
80F- and 77 F g1 for YP 50F-based electrodes.
Moreover, both systems are able to operate properly up to 1.5 V
what signiﬁcantly improves energy density. The energy efﬁciency
calculated from galvanostatic charge/discharge (0.1 A g1) at 1.5 V
for both systems reached the values of 96%.
The self-discharge measurements of full cell and single
electrodes after polarization at 0.8 V and 1.5 V were also performed
(Fig. S5). For systems based on YP 80F and YP 50F electrodes, the
voltage drop from 0.8 V after 20 h at open circuit conditions is
Fig. 9. Electrochemical impedance spectroscopy data at OCV conditions for
capacitors operating in electrolytes of various CH3COONa concentrations; (A)
capacitance vs. frequency dependence, (B) Nyquist plot.
Fig. 10. Cyclability results; (A) speciﬁc capacitance calculated from constant
current load technique (0.5 A g1) at various voltage regimes (1.3, 1.4 and 1.5 V), (B)
CV proﬁle after cyclability test, performed at 5 mV s1 for a capacitor with
0.5 mol L1 CH3COONa solution.
Fig. 11. Relative speciﬁc capacitance and relative resistance values obtained during
ﬂoating test at 1.5 V for YP 50F and YP 80F-based systems operating in 0.5 mol L1
CH3COONa solution.
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values of 0.99 V for YP 50F and 0.94 V for YP 80F were recorded. It
has to be noticed that the self-discharge proﬁles were investigated
in three-electrode conﬁguration and symmetric potential proﬁle
for each electrode has been observed.
It has also been conﬁrmed that both systems might operate at
1.5 V. The ﬂoating measurements reﬂected the capacitance
retention of 99% from the initial value for YP 50F and 81% for YP
80F-based systems (Fig. 11). The initial increase of speciﬁc
capacitance value during ﬁrst 20 h of constant polarization could
be caused by on-going wetting of the electrode surface. Kuraray YP
50F is characterized by worse wettability by sodium acetate than
Kuraray YP 80F; contact angle for YP 50F is about two times higher
than for YP 80F. It directly inﬂuences the electrochemical
performance. Gradual electrolyte penetration into carbon pores
results in a continuous decrease of ESR value; while the electrode is
fully soaked (after 20 h of ﬂoating test), the ageing phenomenon
could be easily observed.
It can be ﬁnally concluded, that YP 50F is more suitable as an
electrode material for
0.5 mol L1 CH3COONa solution. The primary research indicated
that YP 80F is the more promising one (capacitance values at 0.8 V
higher than for YP 50F), but a long-term analysis showed that YP
50F-based electrodes are more compatible with 0.5 mol L1
CH3COONa electrolyte and provided remarkably better results.
This carbon (YP 50F) is characterized by the highest amount of
micropores with a diameter up to 1.0 nm.
186 J. Piwek et al. / Electrochimica Acta 215 (2016) 179–186The comparison of all aforementioned systems has been made
in the form of Ragone plot (Fig. S6).
It seems that 0.5 mol L1 CH3COONa solution is the most
beneﬁcial electrolyte. The inﬂuence of cation is also well
pronounced  the worst performance has been obtained for the
Li+ containing electrolyte, but taking into account the highly
microporous character of the electrode and low mobility of Li+ in
the aqueous medium, one cannot expect a superior ﬁnal
performance. Comparison to the commonly used electrolyte
(6.0 mol L1 KOH) has been realized, the systems operating in
acetic salt electrolyte even with moderate conductivity signiﬁ-
cantly improve energy output. It is caused by the inability of KOH to
operate at 1.5 V. However, relatively high ion mobility of alkaline
solution is a beneﬁcial feature for power performance. Neverthe-
less, the capacitor based on acetate salts pointed out comparable
performance with KOH-based system what is the best proof of the
invention of novel concept aqueous electrolytes.
4. Conclusions
Acetic acid salts (magnesium, sodium, and lithium) at optimal
concentrations have been used as beneﬁcial electrolytes for
electrochemical capacitors. The high-voltage systems were pre-
pared and characterized using electrochemical and physicochem-
ical methods. The investigations demonstrated that the capacitors
operating with acetate-based electrolytes could safely operate at
1.5 V. The voltage window was veriﬁed by several electrochemical
methods, including cyclability and accelerated ageing tests. In each
case, the speciﬁc capacitance at 1.5 V of capacitor voltage has been
retained at more than 80% of initial value. Moreover, ESR values do
not increase signiﬁcantly.
It can be ﬁnally concluded that acetic salt (lithium, magnesium,
and sodium) solutions are promising eco-friendly electrolytes for
high-performance aqueous supercapacitors. Taking into account
not aggressive pH at carbon/acetate interface, the aqueous
solutions of acetic salts with various cations could serve as the
electrolyte of the green carbon-based capacitor. Moreover, energy
output was enhanced more than 2 times in comparison to a system
utilizing highly conductive aqueous electrolytes, e.g., 6.0 mol L1
KOH. The total power of the system is satisfactory; capacitor based
on acetic acid salts is able to operate effectively in the domain of
seconds. Finally, an eco-friendly electrolyte has been demonstrated
for high energy storage application.
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